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•  MEAs  for  direct  ethanol  fuel  cells  with  ZnS/carbon-electrocatalysts  were  fabricated. 

•  Acetaldehyde  and  acetic  acid  were  quantified  as  oxidation  products. 

•  Mass  transport  and  breakthrough  problems  caused  low  efficiency  (maximum  25%). 
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Low  temperature  fuel  cells  consuming  ethanol  without  reformation  would  be  a  major  step  toward  the 
use  of  renewable  energy  sources  from  biomass.  However,  the  necessary  electrodes  and  electrocatalysts 
still  are  far  from  being  perfect  and  suffer  from  various  poisoning  and  deactivation  processes.  This  work 
describes  investigations  on  systems  using  carbon/ZnS-based  electrocatalysts  for  ethanol  oxidation  in 
complete  membrane  electrode  assemblies  (MEAs).  MEAs  were  built  on  Nation  membranes  with  active 
masses  prepared  from  ZnS  nanoparticles  and  Vulcan  carbon  support.  Under  operation,  acetic  acid  and 
acetaldehyde  were  identified  and  quantified  as  soluble  oxidation  products,  whereas  the  amount  of  C02 
generated  could  not  be  quantified  directly.  Overall  conversion  efficiencies  of  up  to  25%  were  estimated 
from  cells  operated  over  prolonged  time.  From  polarization  curves,  interrupt  experiments  and  analysis  of 
reaction  products,  mass  transport  problems  (concentration  polarization)  and  breakthrough  losses  were 
found  to  be  the  main  deficiencies  of  the  ethanol  oxidation  electrodes  fabricated  so  far. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  performance  of  direct  ethanol  fuel  cells  (DAFCs)  is  still 
limited  by  the  electrocatalysts  available  for  ethanol  oxidation, 
which  are  mostly  based  on  expensive  noble  metals  such  as  plat¬ 
inum  or  its  alloys  [1—4].  From  recent  work,  it  becomes  obvious,  that 
even  the  facetting  of  single  crystals  of  platinum  nanoparticles  may 
determine  the  electrochemical  activity;  e.g.  the  authors  in  Ref.  [5] 
point  out,  that  depending  on  the  preferred  orientation,  either 
acetic  acid  or  CO  (as  an  intermediate  to  full  oxidation  to  CO2)  are  the 
final  products  of  electrooxidation  of  ethanol  on  these  catalysts. 
With  CO  adsorbing  very  strongly  on  platinum,  the  latter  route  leads 
effectively  to  saturation  (or  poisoning)  of  the  catalyst,  which 
hopefully  will  not  occur  when  using  catalysts  with  lesser  tendency 
to  adsorb  CO. 
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Semiconductors,  especially  chalcogenides,  could  potentially 
present  a  solution  to  this  problem.  Initial  work  in  this  respect, 
investigating  Zn(S,Se)-based  electrocatalysts  as  an  alternative  for 
ethanol  electrooxidation,  has  been  published  by  these  authors 
previously  [6,7],  explaining  in  detail  the  preparation  of  the  catalysts 
and  demonstrating  the  electrocatalytic  effect  of  nanoparticulate 
ZnS  in  contact  with  ethanol,  as  well  as  the  influence  of  the  electrode 
composition.  These  early  investigations  were  employing  standard 
electrochemical  techniques  like  cyclovoltammetry  in  a  three- 
electrode  configuration,  but  did  not  report  on  the  performance  of 
the  working  electrode  in  a  full  fuel  cell  setup,  consuming  ethanol 
and  oxygen. 

Such  data  however  will  be  necessary  to  practically  evaluate  the 
prospects  of  these  novel  catalysts  in  comparison  with  recent 
progress  with  metal-based  catalysts.  Such  developments  are  driven 
on  one  side  by  new  metal  compositions  and  morphologies,  but  also 
by  new  catalyst  supports,  mostly  based  on  carbon.  There  are  also 
reports  about  other  alternatives  than  sulfides,  e.g.  with  metal- 
organic  framework  materials  (MOFs)  based  on  Cu,  showing  elec¬ 
trocatalytic  activity  for  ethanol  oxidation  [8].  In  view  of  the 
necessary  conductivity  of  the  electrode  system,  it  becomes  more 
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and  more  obvious,  that  especially  intimate  composites  of  nano¬ 
carbons  and  inorganic  semiconductors  may  eventually  lead  to  al¬ 
ternatives  for  precious  metals  [9]  on  the  ethanol  consuming 
electrode.  Of  course,  there  is  also  need  for  the  replacement  of  Pt  on 
the  oxygen  electrode;  from  the  literature  it  seems,  that  transition 
metal  oxides  might  help  on  this  side,  at  least  this  has  been 
demonstrated  in  alkaline  solution  [10]. 

For  this  work,  complete  membrane  electrode  assemblies  (MEAs) 
have  been  constructed  using  well-established  techniques  with 
respect  to  the  selection  of  membranes,  supports,  gas  diffusion 
layers  etc.,  with  the  only  exemption  that  the  electrocatalyst  used  on 
the  ethanol-consuming  electrode  has  been  made  from  carbon- 
supported  ZnS  nanoparticles;  the  preparation  of  the  electrode 
was  based  on  the  results  reported  previously  [6,7].  The  goal  was  to 
demonstrate  the  usability  of  these  novel  electrocatalysts  in  com¬ 
plete  fuel  cells  under  operation,  to  be  compared  to  reports  on 
ethanol  decomposition  at  novel  metallic  electrocatalysts  [11,12]. 
The  standard  carbon-support  chosen  for  this  work,  however,  being 
based  on  traditional  Vulcan  carbon  black,  still  is  sub-optimal,  since 
it  is  well  known,  that  a  well-ordered  array  of  nanopores  can 
enhance  the  activity  still  further  [13,14].  There  are  also  reports 
about  synergistic  catalytic  effects  inside  carbon  nanostructures 
[15],  which  might  also  be  of  relevance  for  electrocatalytic  applica¬ 
tion,  but  are  not  employed  yet.  Further  contributions  to  this  topic 
can  also  be  expected  from  the  continuous  development  of  new 
carbon  structures  for  battery  electrodes  [16,17].  Meanwhile,  a  broad 
range  of  techniques  to  prepare  porous  carbons  is  available  in  the 
literature  and  could  be  used  in  further  studies,  among  others  by  the 
use  of  soft  templates  [18-20],  activation  by  burnoff  [21],  use  of 
hollow  spheres  [22]  or  assemblies  of  graphene  sheets  with  catalytic 
metal  [23]. 

In  order  to  be  able  to  estimate  conversion  efficiencies  as  well  as 
ageing  behaviour  from  the  analysis  of  conversion  products  and  by¬ 
products,  fuel  cells  constructed  as  MEAs  from  standard  carbon 
materials  with  ZnS  as  the  electrocatalyst  in  this  work  were  oper¬ 
ated  under  load  for  extended  times  to  accumulate  and  analyze 
products. 

2.  Experimental 

Flydrophilic  ZnS-nanoparticles  were  prepared  by  arrested  pre¬ 
cipitation  from  zinc  acetate-solution,  NaFIS-solution  and  mercap- 
topropionic  acid  (MPA)  as  stabilizing  ligand,  as  described  in 
Refs.  [6,7]. 

MEAs  with  ZnS  as  oxidation  catalyst  were  fabricated  according 
to  the  slightly  modified  state-of-the-art  technique  as  described  in 
the  literature  e.g.  by  Tang  et  al.  [24]  and  by  Lindermeir  et  al.  [25]. 
Briefly,  gas  diffusion  layers  (GDLs)  were  prepared  by  deposition  of  a 
slurry  of  isopropanol,  carbon  and  Teflon  on  a  teflonated  (30%) 
carbon  paper  (substrate  and  electron  collector)  by  tape  casting  (so- 
called  “doctor-blading”;  the  slurry  is  deposited  on  the  substrate 
through  the  opening  in  a  flat  steel  mask  of  ca.  50  pm  thickness, 
using  a  sharp  knife  to  define  the  amount  of  material  transferred 
through  the  mask).  Isopropanol  was  mixed  with  Vulcan  XC-72  and 
Teflon  dispersion  and  ultrasonicated  for  30  min.  The  resulting 
slurry  was  then  further  homogenized  with  a  high  speed  homoge- 
nizer  for  30  min. 

The  highly-viscous  paste  was  tape  cast  on  carbon  paper  pieces 
(9  cm2)  to  reach  a  carbon  load  of  8  mg  cm-2  (measured  as  dry  mass 
of  carbon).  The  resulting  GDL  was  then  sintered  in  an  oven  at  335  °C 
for  120  min  in  air. 

The  fuel  electrode  was  prepared  by  mixing  deionized  water  with 
5  wt%  Nation  dispersion  and  carbon-supported  ZnS;Mn  nano¬ 
crystals  (the  mixture  of  carbon  and  the  nanoparticles  was  prepared 
before  from  water  dispersion  of  the  nanoparticles  and  dried  in  an 


time  /  s 

Fig.  1.  Open  circuit  voltage  (Voc)  as  a  function  of  operation  time.  MEA1 :  blank,  carbon 
electrode  only.  MEA2:  with  ZnS  electrocatalyst  in  fuel  electrode.  MEA5:  with  Pt  elec¬ 
trocatalyst  in  fuel  electrode.  MEA11:  commercial  Pt-based  MEA. 

oven  for  12  h  at  40  °C,  under  vacuum).  The  mixture  was  first 
ultrasonicated  for  30  min  and  then  homogenized  to  achieve  a 
printable  paste. 

The  paste  was  applied  by  tape  casting  onto  the  GDL  to  reach 
catalyst  loads  from  3  mg  cm-2  to  12  mg  cm-2  (calculated  from  the 
dry  mass).  The  electrode  was  finally  dried  for  30  min  at  90  °C. 
Fabrication  of  the  oxygen  electrode  was  similar  to  the  fabrication 
process  of  the  fuel  electrode;  ZnS  catalysts  however  were  replaced 
by  carbon-supported  platinum  (20  wt%),  supplied  by  Fuel  Cell  Earth. 
The  catalyst  slurry  prepared  was  tape-casted  on  the  GDL  to  achieve 
a  catalyst  load  of  2  mg  cm-2. 

The  last  stage  was  hot  pressing  of  all  components  (pre-treated 
nation  membrane,  anode  and  cathode)  at  140  °C  with  10  MPa.  In 
order  to  ensure  good  adhesion  between  the  Nation  membrane  and 
both  electrodes,  anode  and  cathode  were  sprayed  with  a  small 
amount  of  5  wt%  Nation  dispersion  just  before  the  pressing  step. 
After  hot  pressing,  the  freshly  prepared  MEAs,  with  an  active  area 
diameter  of  9  cm2,  were  dried  in  air  and  stored  for  measurements 
under  ambient  conditions.  For  comparison,  MEAs  prepared  with  Pt 
instead  of  ZnS  in  the  fuel  electrode  were  prepared  in  a  similar 
fashion.  Commercial  MEAs  were  purchased  for  comparison  from 
the  Fuel  Cell  Store. 

All  cells  were  operated  with  ethanol/water  mixtures  (typically 
3%  ethanol  by  weight)  as  fuel  and  air  as  oxygen  source.  In  order  to 
establish  steady  state  conditions,  the  cells  were  mounted  in  contact 
with  a  sufficiently  large  amount  of  fuel  housed  in  an  acrylic  glass 
container.  Air  was  supplied  by  natural  convection  at  ambient 
pressure  (passive  breathing  mode).  Operation  usually  took  place  at 
ambient  (room)  temperature;  for  operation  at  increased  tempera¬ 
ture  the  fuel  container  was  placed  in  a  thermostate. 

Electrochemical  data  and  impedance  spectra  of  complete  cells 
have  been  recorded  using  a  Zahner  IM6  Electrochemical  Workstation, 
acquiring  data  with  the  Thales  acquisition  software;  a  simple  two- 
electrode-configuration  was  used  for  all  measurements.  Apart 
from  DC  potentiostatic  (e.g.  /sc,  V  =  0)  and  galvanostatic  (e.g.  Voc, 
1  =  0)  modes  of  operation,  AC  measurements  were  performed  at 
frequencies  from  100  mHz  to  1  MHz.  The  electrochemical  imped¬ 
ance  spectra  data  (EIS)  were  fit  to  the  appropriate  model  of  an 
electrical  equivalent  circuit  (EEC)  using  the  ZSimpWin  3.10  software 
{Princeton  Applied  Research,  U.S.A.),  utilizing  the  complex  non¬ 
linear  least  square  error  technique  (CNLS). 

The  qualitative  and  quantitative  analysis  of  reaction  products 
has  been  conducted  at  a  Shimadzu  gas  chromatograph  equipped 
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with  a  Shimadzu  QP2010  mass  spectrometer.  The  separation  col¬ 
umn  applied  was  filled  with  polystyrol-divinylbenzol  copolymer 
(PS-DVB).  For  analysis,  0.3  pi  of  freshly  prepared  sample  has  been 
collected  from  the  reaction  mixture  at  predefined  times.  The 
method  has  been  calibrated  with  acetaldehyde  or  acetic  acid  added 
to  solutions  with  3%  of  ethanol. 

3.  Results  and  discussion 

The  cells  prepared  according  to  the  procedure  explained  in  the 
experimental  (using  air  as  the  02-source)  reached  open  circuit 
voltage  values  (V0c)  of  about  0.6  V  after  prolonged  operation,  which 
is  ca.  50%  of  the  theoretically  maximal  value  (1.14  V)  and  is  on  the 
same  order  as  reported  for  MEAs  with  Pt/Ru-catalysts  [11].  This 
level  is  kept  after  an  initial  decrease  of  Voc,  probably  due  to  for¬ 
mation  reactions  in  the  electrode.  Fig.  1  compares  this  behaviour 
with  blanks  and  bench  marks,  namely  MEAs  prepared  without 
electrocatalyst  (negligible  voltage),  with  Pt  instead  of  ZnS,  and  a 
commercially  available  MEA.  The  ZnS-loaded  MEAs  are  showing 
characteristics  close  to  the  commercial  variant,  and  much  more 
favourable  behaviour  than  the  home-made  variant  with  Pt  nano¬ 
particles.  Obviously,  there  are  still  considerable  overvoltages  for  all 
MEA  variants  shown  in  Fig.  1  and  thus  there  is  much  room  for 
further  improvements. 

Observing  short-circuit  current  densities  (/sc)  leads  to  a  slightly 
different  picture.  Due  to  the  far  better  electrical  conductivity,  the 
home-made  MEA  with  Pt  (albeit  at  quite  high  catalyst  load)  shows 
the  highest  value  for  /sc,  but  also  a  constant  decline  over  operation 
time  (Fig.  2). 

The  cell  characteristics  will  depend  crucially  on  the  micro¬ 
structure  of  the  electrodes.  Fig.  3  shows  electron  micrographs  of  the 
carbon/ZnS  composite,  demonstrating  that  the  overall  distribution 
of  the  catalytic  particles  (upper  micrograph)  is  non-uniform,  and 
that  only  a  fraction  of  the  individual  particles  are  coupled  to  the 
conductive  carbon  support  (bottom  left).  The  individual  ZnS  par¬ 
ticles  on  the  other  hand  have  primary  particle  sizes  of  about  10- 
20  nm  in  diameter  (bottom  right)  -  these  images  clearly  show  the 
potential  for  further  morphological  improvement  of  the  electrode 
materials.  Since  the  purpose  of  this  work  was  to  investigate  ZnS- 
based  electrocatalysts  under  operation  in  an  MEA,  Pt-based  cata¬ 
lysts  were  prepared  and  compared  as  a  bench  mark  only  to 
demonstrate,  that  the  general  procedure  of  MEA  fabrication  was 
successful.  Since  the  microstructure  of  the  ZnS/carbon  electrode 
still  offers  much  room  for  improvement  and  is  far  from  being 


Fig.  2.  Short  circuit  current  (/sc)  as  a  function  of  operation  time.  MEA1 :  blank,  carbon 
electrode  only.  MEA2:  with  ZnS  electrocatalyst  in  fuel  electrode.  MEA5:  with  Pt  elec¬ 
trocatalyst  in  fuel  electrode.  MEA11 :  commercial  MEA. 


Fig.  3.  Electron  micrographs  of  carbon  (large  particles )/ZnS  (small  particles)  composite 
mass  for  electrodes.  Top:  SEM-image  of  lateral  distribution  (scale  bar:  7  pm).  Bottom 
left:  SEM-image  of  individual  C-particle  with  ZnS  nanoparticles  (scale  bar  400  nm). 
Bottom  right:  TEM-image  of  individual  ZnS  particles  (scale  bar  50  nm). 


optimal,  investigations  on  home  made  Pt-catalysts  were  dis¬ 
continued;  further  results  with  ZnS/carbon  electrodes  thus  were 
compared  to  commercially  available  Pt-based  catalysts  only. 

MEA2  (containing  the  ZnS  electrocatalyst)  and  the  commercial 
alternative  on  the  other  hand  also  show  some  ageing  with  opera¬ 
tion  time,  with  MEA2  exhibiting  a  short  formation  period,  followed 
by  more  constant  operation  conditions.  Improved  conductivity  of 
the  electrodes  and  a  more  even  dispersion  of  the  ZnS  electro¬ 
catalyst  would  be  the  most  obvious  strategies  to  further  improve 
these  characteristics. 

An  application  oriented  way  to  characterize  fuel  cells  and  bat¬ 
teries  under  load  is  the  polarization  curve,  which  plots  cell  voltage 
(or  extracted  power)  versus  the  current  drawn;  Fig.  4  displays  this 
behaviour  for  the  same  MEAs  as  in  Figs.  1  and  2,  but  without  MEA5 
with  its  unusually  high  catalyst  load. 

All  polarization  curves  exhibit  strongly  negative  slopes  and 
consist  of  two  parts,  which  can  be  distinguished  clearly  by  their 
different  slopes,  quite  similar  to  those  reported  e.g.  in  Ref.  [11  .  This 
appearance  indicates  problems  with  mass  transport  in  the  elec¬ 
trode  or  insufficient  electrocatalytic  activity.  Obviously,  the  parti¬ 
cles  are  still  neither  perfectly  dispersed  nor  homogenously 
distributed.  Moreover,  bigger  agglomerates  could  limit  the  catalytic 
activity  since  their  individual  particles  then  are  only  partially 
attached  to  the  carbon  surface.  Such  agglomerates  can  also  lead  to 
poor  mass  transport  in  the  electrode  through  prolonged  diffusion 
paths.  Further  work  will  be  necessary  to  improve  on  the  obviously 
sub-optimal  preparation  conditions. 

Using  the  current  interrupt  technique,  the  relative  importance 
of  ohmic  and  activation  losses  can  be  determined;  Fig.  5  shows  the 
result  of  such  measurements.  In  the  first  step  of  the  measurement 
the  galvanostat  was  set  to  50  pA  for  about  40  min.  One  can  see  that 
the  potential  during  this  time  decreases  in  the  beginning,  to 
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current  density  /  (mA  cm"2) 


Fig.  4.  Polarization  curve  (thick  line)  and  power  density  (thin  line)  as  a  function  of 
current.  MEA1:  blank,  carbon  electrode  only.  MEA2:  with  ZnS  electrocatalyst  in  fuel 
electrode.  MEA11:  commercial  MEA. 


become  almost  stable  after  about  25  min.  At  that  moment  the 
current  has  been  stopped  (galvanostat  set  to  0  pA),  resulting  in 
voltage  recovery.  A  fast  initial  change  of  the  recorded  voltage  is  a 
consequence  of  the  immediate  reduction  of  ohmic  losses  to  0;  this 
is  found  to  a  minor  extent  in  MEA11,  but  is  barely  visible  in  the  ZnS- 
containing  MEA2.  Obviously,  relaxation  of  concentration  polariza¬ 
tion  effects  is  the  dominating  mechanism,  especially  with  the  ZnS 
catalysts.  This  is  in  good  agreement  with  the  conclusions  drawn 
before,  namely  that  the  expected  mass  transport  problems  in  the 
environment  of  ZnS  could  be  minimized  by  a  better  dispersion  and 
more  homogenous  distribution  of  catalytic  nanoparticles  at  the 
surface  of  the  carbon  substrate;  this  would  also  help  to  reduce 
remaining  ohmic  losses. 

V(t)  =  Veq  +  (Veq-Vi03d)e-k^  (1) 

Relaxation  based  on  transport  may  occur  over  many  time  scales 
and  also  with  higher  order  kinetics.  Attempts  to  fit  the  curves  in 
Fig.  5  to  a  single  exponential  function  with  one  characteristic  time 
constant  k  (Equation  (1))  between  the  equilibrium  voltage  Veq  and 


Fig.  5.  Cell  voltage  curve  versus  time  in  current  interrupt  experiments.  MEA2  (lower 
line):  with  ZnS  electrocatalyst  in  fuel  electrode.  MEA11  (upper  line):  commercial  MEA. 
Inset:  relaxation  part  of  MEA2  (thick  line),  compared  to  single  exponential  relaxation 
with  k  =  0.011  s-1  (grey,  thin  line). 


the  voltage  under  load  before  interrupt  at  time  t  =  to  (Vioad) 
therefore  were  not  successful;  see  the  inset  of  Fig.  5  with 
k  =  0.011  s-1  as  an  example  for  the  earlier  stages  of  relaxation. 
Characteristic  relaxation  times  therefore  cannot  be  extracted 
unambiguously  at  this  point,  but  obviously  range  between  seconds 
and  many  minutes.  A  similar  behaviour  (although  on  shorter  time 
scales)  was  analyzed  in  the  case  of  solid  oxide  fuel  cells  (SOFC)  to 
extract  a  “distribution  of  relaxation  times”  from  EIS,  indicative  of 
the  polarization  mechanisms  involved  [26]. 

Activation  losses  in  general  however  seemed  to  be  very  similar 
for  all  electrodes  investigated,  what  means  that  the  main  problem 
to  be  solved  in  future  work,  is  the  still  poor  distribution  of  ZnS 
nanocrystals  on  the  electrode  surface,  causing  mass  transport 
problems. 

In  order  to  assess  the  types  of  existing  overvoltages  in  more 
detail,  electrochemical  impedance  spectra  of  various  electrodes 
have  been  recorded  and  compared  (for  an  example,  see  Fig.  6  with 
data  collected  with  MEA2  at  two  different  operation  temperatures 
under  load,  with  cell  voltage  -0.1  V  and  an  AC  amplitude  of  5  mV). 
The  interpretation  takes  place  by  an  equivalent  circuit  containing 
RC-circuits  for  the  membrane  as  well  as  for  the  working  electrode 
(Fig.  7;  the  inductivity  originally  proposed  in  Ref.  [27]  has  been 
omitted  in  view  of  the  small  currents  used  here).  The  circuit  for  the 
electrode  contains  a  double  layer  capacity  as  well  as  a  constant 
phase  element  (CPE,  Z  =  (1/Q.)(iw)_a)  in  order  to  be  able  to  include 
transport  phenomena  in  a  flexible  way.  The  x2  (chi-squared)  values 
obtained  for  all  successful  fits  were  at  least  as  small  as  10-4;  other 
results  or  fit  results  with  non-physically  large  values  for  the  ca¬ 
pacities  were  rejected,  since  they  are  dominated  most  probably  by 
artefacts  not  related  to  the  working  electrode  and  its  electro- 
catalytic  activity. 

In  Table  1,  the  parameters  of  fitting  the  measured  data  of  Fig.  6  to 
the  EEC  of  Fig.  7  are  listed.  Not  surprisingly,  all  resistances  shrink 
when  increasing  the  temperature.  At  both  temperatures  the 
membrane  resistance  is  larger  than  the  charge  transfer  resistance; 
together  with  the  serial  (electrolyte)  resistance  this  does  account 
for  the  majority  of  the  ohmic  losses. 

Moreover,  an  approximately  straight  line  with  slope  of  ca.  45° 
can  be  observed  in  all  spectra  at  low  frequencies;  this  is  related  to 
mass  transport  limitations  of  the  fuel  electrode.  The  constant  phase 
element  (CPE)  in  Fig.  7  as  proposed  in  Ref.  [27]  shows  values  for  the 
exponent  a  close  to  0.5  and  thus  could  be  replaced  also  by  a  simple 
Warburg-element.  Further  elements  for  details  of  the  reaction 


2664  Hz  1344  Hz 


Fig.  6.  Impedance  spectra  of  MEA2  at  various  temperatures  (points),  together  with  fits 
to  the  EEC  according  to  Fig.  7  (lines).  Frequency  is  used  as  parameter  and  indicated  at 
typical  values,  cell  voltage  -0.1  V,  AC  amplitude  5  mV. 
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Fig.  7.  Equivalent  circuit  for  the  interpretation  of  impedance  spectra  according  to  [27]; 
Rs :  serial  ohmic  resistance,  Cm:  membrane  capacity,  Rm\  membrane  resistance,  Cdi: 
double  layer  capacity,  Rct:  charge  transfer  resistance,  CPE:  constant  phase  element. 

kinetics  have  not  been  added  at  this  stage  of  interpretation,  since  it 
seems  obvious,  that  mass  transport  problems  have  to  be  solved  first 
in  future  studies.  Such  studies  could  focus  on  the  electrocatalytical 
activity  of  other  sulfides,  e.g.  pyrite  with  its  high  photocatalytic 
activity  [28],  or  try  to  improve  the  morphology  of  the  electro- 
catalytic  system,  e.g.  by  the  application  of  electrocatalytic  layers 
with  controlled  porosity  on  conducting  substrates.  Preparational 
methods  for  ZnS  in  this  context  are  already  available  from  the 
literature  [29],  as  well  as  for  other  porous  sulfides,  since  they  are 
also  of  interest  for  lithium  storage  in  batteries  [30]. 

With  GC-MS  analysis,  all  reaction  products  but  CO2  could  be 
separated  clearly  from  the  fuel  (ethanol);  with  increasing  reaction 
time  the  amount  of  ethanol  (the  highest  peak  at  about  2.8  min) 
decreases  proportionally,  and  peaks  of  acetaldehyde  (around 
2.7  min  retention  time)  and  acetic  acid  (4.3  min  retention  time)  are 
formed  (Fig.  8).  This  result  demonstrates  unambiguously,  that 
MEAs  with  ZnS  electrocatalysts  convert  ethanol  directly  in  a  fuel 
cell  setup.  Whereas  acetaldehyde  was  formed  immediately,  acetic 
acid  could  be  detected  after  4  h  only;  acetaldehyde  therefore  seems 
to  be  formed  as  a  stable  intermediate  immediately.  The  increase  of 
the  amounts  of  acetaldehyde  and  acetic  acid  with  time  can  be 
observed  as  well.  However,  after  prolonged  operation  time  under 
short  circuit  conditions,  the  concentration  of  acetaldehyde  tends  to 
reach  a  plateau  (which  is  typical  for  an  intermediate  product), 
whereas  the  concentration  of  acetic  acid  tends  to  increase  still, 
proportional  to  operation  time.  In  fact,  after  27  h  the  concentration 
of  acetic  acid  is  roughly  5  times  larger  than  the  concentration  of 
acetaldehyde,  clearly  demonstrating  the  ability  of  the  ZnS  electro¬ 
catalyst  to  support  the  multistep  processes  necessary  for  ethanol 
consumption.  Future  work  with  improved  cell  designs  will  have  to 
establish  these  relations  more  quantitatively,  especially  in  view  of 
the  amount  of  CO2  generated,  and  whether  acetic  acid  will  reach  a 
concentration  plateau  as  well.  Ethyl  acetate  is  observed  as  an 
additional  reaction  product;  the  origin  of  this  compound  can  be 
explained  as  a  result  of  recombination  of  acetic  acid  with  ethanol  at 
the  ZnS  catalyst  or  during  sample  evaporation  before  supplying  it  to 
the  detection  column. 

In  order  to  separate  product  formation  by  electrocatalytic  con¬ 
version  from  product  formation  by  breakthrough  processes  (direct 
oxidation  of  ethanol  by  O2  after  penetration  of  the  membrane), 
analytical  data  from  cells  operated  under  short-circuit-condition 
and  under  open-circuit-condition  are  compared  in  Fig.  9. 

Whereas  acetaldehyde  is  present  on  a  quasi-stationary  level  also 
under  open-circuit-conditions,  acetic  acid  is  increasing  its  con¬ 
centration  continuously,  in  line  with  the  view,  that  acetaldehyde 


Table  1 

Results  of  fitting  data  from  Fig.  6  to  the  EEC  of  Fig.  7. 


Rs/Q 

Rm/Q 

Cm/nF 

Rct/O 

Cdi/HF 

a 

0/(0“’  s“) 

25  °C 

14.36 

17.01 

54.2 

4.095 

1.597 

0.5667 

0.01333 

60  °C 

9.35 

15.15 

34.4 

2.913 

50.850 

0.4914 

0.01938 

2.5  3  3.5  4  4.5 

retention  time  /  min 


Fig.  8.  GC-MS  analysis  of  oxidation  products  after  operation  of  MEA  2  for  several 
hours;  traces  are  stacked  exactly  in  order  of  operation  time. 

always  is  formed  as  an  intermediate  during  oxidation  of  ethanol. 
Under  full  electrical  load  (short  circuit),  the  level  of  acetaldehyde  as 
well  as  the  level  of  acetic  acid  are  increasing  over  time  by 
approximately  an  order  of  magnitude,  clearly  demonstrating,  that 
electrocatalytic  conversion  becomes  the  dominant  process. 

In  order  to  compare  electrochemical  conversion  and  break¬ 
through  processes  more  quantitatively,  after  27.5  h  of  operation  the 
absolute  molar  amounts  of  acetic  acid  (3.37  mmol)  and  acetalde¬ 
hyde  (1.06  mmol)  generated  were  used  to  calculate  the  maximum 
charge  that  could  be  provided  by  oxidation  of  ethanol  to  these  end 
products:  ca.  1500  As.  From  the  integrated  current/time  curve,  a 
transferred  charge  of  ca.  650  As  was  observed.  Assuming  that  no 
CO2  was  generated,  approximately  50%  of  the  fuel  therefore  was 
lost  in  breakthrough  processes,  possibly  even  more,  when  C02  was 
generated,  too.  Together  with  losses  from  overvoltages  (open  cir¬ 
cuit  voltage  is  about  half  of  the  thermodynamic  equilibrium  value), 
the  MEAs  tested  thus  showed  an  overall  efficiency  (electrical  work 
relative  to  free  fuel  energy)  of  less  than  25%. 

4.  Conclusions 


In  this  work,  MEAs  for  direct  ethanol  fuel  cells  with  nano-ZnS  as 
electrocatalyst  have  been  fabricated  and  tested  for  the  first  time. 


Fig.  9.  GC-MS  analysis  of  oxidation  products  after  operation  of  MEA  2  under  short- 
circuit-condition  and  under  open-circuit-condition. 
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From  the  analysis  of  electrical  cell  data,  the  polarization  curves 
under  load  and  the  chemical  analysis  of  the  electrolyte,  the  elec- 
trocatalytic  activity  has  been  demonstrated  clearly  under  the  con¬ 
ditions  of  a  full  fuel  cell  setup.  Limitations  in  performance  under 
load  so  far  are  dominated  mainly  by  mass  transport  problems 
(concentration  polarization)  and  to  a  minor  extent  by  conductivity 
issues  of  the  carbon/ZnS  nanocomposite.  Overvoltages  are  consid¬ 
erable  (ca.  50%  of  the  equilibrium  value).  Imperfections  of  the  cell 
construction  have  led  to  breakthrough  processes  in  the  full  as¬ 
sembly.  A  remaining  principal  problem  as  compared  to  electro¬ 
catalysts  based  on  noble  metals  is  the  chemical  turnover  to  CO2 
achievable  with  ZnS  electrocatalysts;  any  practical  application  will 
depend  critically  on  the  efficiency  by  which  the  fuel  can  be 
exploited.  Future  work  therefore  will  have  to  address  the  issue  of 
conversion  efficiency  of  ethanol  to  CO2  first;  of  course  on  top  of  this 
issue  electrode  morphology,  general  catalyst  activity  and  cell  con¬ 
struction  will  have  to  be  improved  as  well  to  be  able  to  fully  exploit 
ZnS  or  other  sulfides  as  potential  electrocatalysts.  Still  more  work 
will  be  necessary  to  identify  the  detailed  catalytic  mechanism  of 
the  ZnS-containing  electrodes. 
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